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(57) Abstract: Novel complexes, suitable in particular for use as cat- 
alysts in the asymmetric hydrogenation of ketones, are of formula (1) 
or a diastereoisomer thereof, wherein each Ar is an aromauc or het- 
erearomatic group of up to 20 atoms; X is halide or caxboxylate; and 
R 1 , R 2 , R 3 , R 4 are independently hydrogen, aryl or alky], optionally 
linked or part of a ring. 
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RimffiNSM BgBQsaffljE thptf use as catalysts 



nf the Tnvention 

This invention relates to ruthenium complexes bearing a chiral diphosphine and a 
chiral diamine and their use as catalysts for asymmetric hydrogenation processes. 

5 Purilr prnimd o f the Tnvention 

A large and constantly growing aumber of catalysts and methodologies are at 
present available for the homogeneous asymmetric hydrogenation of functionalised 
ketones Such ketones bear an auxiliary group mat is positioned at the a PP ^ 
from the carbonyl group and which is capable of binding to the metal of the catalytically 
10 active specie, This binding arrangement presumably allows chelation of a functional^ 
ketone to the metal center of the catalyst. The references to these catalysts and 
methodologies are comprehensively listed by R. Noyori in Asymmetric Catalysis m 
Organic Synthesis (John Wiley & Sons, New York, 1994) and by I. Ojima in Catalyse 
Asymmetric Synthesis (VCH, New York 1994). 

Catalytic asymmetric reduction of unfunctionalised ketones presents a greater 
challenge Unfunctionalised ketones are those lacking a secondary metal-bindmg group. 
EP-A-0718265 describes a method for producing alcohols from carbonyl compounds by 
hydrogenation in presence of a ruthenium catalyst, a base and a nitrogen-contammg 
additive When a ruthenium complex bearing a chiral diphosphine was used as catalyst m 
20 presence of a chiral diamine and a base, highly productive and enantioselectwe 
hydrogenation of aromatic ketones was achieved. Examples of chiral diphosphines 
examined were BJNAP, Tol-BINAP, Xylyl-BINAP, H 8 BINAP and cmRAPHOS. 
Examples of useful chiral diamines were DPEN and DAJPEN. These respective 
compounds have the formulae 



15 



25 




Ar=Ph : 
(2*>BINAP 

PAr 2 Ar=j>CH 3 -C 6 H4: 
PAr 2 (fi>Tol-BTNAP 

Ar = 3,5-(CH 3 VC6H3 
(R>Xylyl-BlNAP 




^"^PPh 2 

(Rfi)-CBSRAPHOS 



(K)-H r BINAP 
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V NleO 
R NH 2 

NH2 

5 ; • (5)-DAIPEN; R=(CH 3 ) 2 CH 

Itals „hasbeendisdosedbyNo»orirfa/. (J. Ant Chen,. Soo. 1995, /<,7,2675and 

10 417)to.diphospto«-nA^i«*^l««'» Ubeisol « edmdUKda8aPre - 
catalyst for .he reduce of aromatic ketones. The use of such a preformed cat*s. - 
0 advantages for industrial app.ioa.ions. In parncnlar, high productivity 
enannose.ec.Mty were a.ways associated wHh the use of the chira. 
BINAP Tol-BWAP and Xylyl-BINAP and the cbirrd diamines DPEN and DAIPEN, 
XyW-BINAP/DAIPEN being the opuumum combination <frg*>. Chen, Int. M Engl. 
W98 , 37 , 1703 and J. Am. Chen,. Soc. 1998, 120, 13529). For a review, see also Noyon, 

15 Angew. Chent. Int. Ed. 2001, 40, 40-73. 

A wide array of diphosphines with a chiral backbone different from die bisuyl 
backbone is known (see references listed by Noyon and Qjima in the references mentioned 
aoove) So far no chisel diphosphate, other man ft. BINAP-baaed Uganda tnd,ca,ed 
above,' has been repotted to be usem, in the efficient and highly enanfio^ctrve 

20 hydrogenauon of unfunctionaltsed ketones according ,0 the methodology desenbed by 

Noyori. 7 . 7 A 

PHANEPHOS (structure shown below), first described by Rosaen et al. mJ. Am. 

Chen, Soc 1998, 119, 6207, is a chiral diphosphate based upon the rigid [2.2]-^- 
cydophane backbone. In particular, PHANEPHOS-ruthenium co.np.exes (deaenbed m 
» Tetrahedron UU. 1998, 39, 4441) have found an application, aHhongh fimited, as 
enm^formeasymmemchyd^^ 

ta* of activity and enanfioselecnvit, were achieved omy by working a, ht^t 
to *g(0.4-0.08mo.%)anda..ow,empeta ta te(- 5 X).Inadd i ,ioMhePHANEPHOS- 

ntthemum complexes were reported to be of Umited stabiUty and .0 produce mconsrstem 
30 results unless an external halide source (Bu,M) was added. 
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PAr 2 (R>pHANEPHOS; Ar - C 6 H 5 

(R>3,5-di-Me-PHANEPHOS; Ar = 3,5<CH 3 ) 2 C 6 H3 



PAr 2 



There is a fundamental structural difference between pseudo-ortho^ara- 
cyclophane-diphosphines and the biaryl-diphosphines used by Noyori. This difference is 
highlighted by the contrasting results obtained in the ruthenium-catalysed hydrogenafcon 
of 0-ketoesters (see data reported in ***** Lett. 1998, 39, 4441 compared with 
,0 those reported - m Tetrahedron: Asyrnmetry Report Number 30 } 1997, 20, 332U 

GB A-2351735 (published 10.01.01, i.e. after the priority dates claimed herein) 
Wosestheaaynimetri^ 

using a ruthenium-phosphine catalyst and a chiral diamine. In the Examples, DIOP, used; 
inthedescripuon.PHA^^^^ The 
! 5 procedure involves forming the catalyst in situ, the amine being added last. 

Summary of the Invention 

This invention is based on the unexpected discovery that the parent hgand 
PHANEPHOS and its derivatives form stable ligand-ruthenium-diamine complexes of 

general fonnula 1 

20 n Ar ^ r f J Ri 




25 wherein each Ar is an aromatic or heteroaromatic group of up to 20 atoms; 

X is halide or carboxylate; and 

R\ R 2 , R 3 , R 4 are independently hydrogen, aryl or alkyl, optionally linked or part 

of a ring. . r , 

The novel complexes are highly active and enantioselectrve catalysts for the 

30 ^etrichydrogenaoonofo^^ 
of base. 
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B will be appreciated by those tilted in the art that, rate ten use a preformed 
complex 1, equivalent cafclysis maybe achieved by forming the «■ *• 

1 or an active species M can be generated therefrom, in This win uasaUy be done 

5 or Mowed by the addition of, the base required for the hydrogenation. 

Despite their structural difference, complexes 1 perform as well as, and . several 
cases better than, the BINAP-Ru complexes described by Noyori as catalysts for the 
hydrogenationofatvide range of unfunetionalised ketones. 

As is evident from the Examples presented below, the PHANEPHOS backbone 

hmuence of the Ar substttuents on phosphorus is atrprisingly less marked and *m fb 
fiee-tuning of the cate^st for a pattMar application. TypicaUy, in order to aotaeve mgh 
(>95% ee) enantioselectivity, the choice of BINAP-based cntalys* is res.nc.ed «o those 
prepared from Xylyl-BINAP and the costly diamine DAIPEN. 

* addition, it has been found .ha, the group X does no. necessanly have .0 be a 
MX. as » transpires from « tine examples so far published, bu, a carboxyla.e group can 
b e us^ hrstead. A compound of genera, mnnula 1 where X^COO has been shown * 
catalyse the asymmettic hydrogenation of unfimctionalised ketones, gtvmg results 
comparable to complexes where X-Cl. 

20 Twri ptim of Invention 

The novel ruthenium complex includes a diphosphine moiet, .ha. . a (R) or (S> 

^wiwwMh-^ -* ph ° sphoms r tos 

mo additions! aromatic groups Ar is any aromatic group of up to >. or 20 carton atoms 
md „■ typicany phenyl, optionally bearing one or more substituents. For many 
25 appUcations, the simples, ligand, where Ar - ft is applicable. In other 

bifida! ,o use ligands in winch Ar - pheny, substituted with one or more alky! or atex, 
« ParticuUr examples are Ar = 3,5-dhnefcylpheny!, 4-methoxyphenyl and 4- 
melxy-3,,dime,hy,phenyl. :„ a prefetted embodnnem, Ar - 3, 5 -dhn« 
(alternatively defined as xyly.) and «he phoaphine is referred ,o as 3,5-m-Me- 

30 PHAHEPHOS. . 

The ohira! diamine is preferably any 1,2-diamine with a, leas, one stereogemc 
ceatteandR'.^R'.R'aremdependentiyhydrogenoraromaticoralkylgroups.W.cany 
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of up to 10 or 20 C atoms 
formulae 2 to 6 



, optionally linked or part of a ring. Suitable diamines are of 



OMe 






H 2 



OMe 




2 (R,R)-DPEN 3 (R,R) 



4 (RyDAIPEN 5 (RJfyANDEN 




NH- 



6 (R,R)-DACH 



"i. 



"NH 2 



10 or the opposite enantiomer thereof. 

For example, the diamine is DPEN or DACH; both are readily available in either 

enantiomeric form, and as cheaper thanDAIPEN. 

X is a halogen atom or carboxylate. Suitable carboxylates are derived from a 
carboxylic acid of formula R'COOH, v/herein R? is an aromatic or alkyl group of up to 
15 20 atoms, optionally bearing fluorine atoms. For example, X is CI or CF 3 COO, and is 
preferably CI. 

This invention involves the synthesis of ruthenium complexes of general formula 
1 and their use as catalysts for asymmetric hydrogenation of ketones in the presence of a 
base according to the procedure already described by Noyori (EP-A-07 1 8265; Ange*. 

20 aL.bLJSd.EngL 1998,37, 1703;/.^ ChenuSoo. 1998, 120, 13529). Examples of 
hydrogenation of acetophenone under different conditions are givenbelow (see Tables 1 
and 2) Examples (see Tables 3-5) are also given where a range of differently substituted 
aromatic ketones and ^-unsaturated ketones are hydrogenated with high activity 
(typically, foil conversion, 0.0033 mol% catalyst, 0.5-3 hours) and selectivity (typically 

25 >97% ee). In such hydrogenations, it is preferred that a particular enantiomer of the 
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fisphosphine ligand is matched with the cone* enantiomer of the diamine. This is evident 

from entries 4-7 in Table 2. 

Complexes 1 of the present invention ere prepared by oombining the drphosptane, 
ft. d-ne and an appropriate nrtireobm precorsor in a solvent Aoeording to the 
5 poblished hteranrre, dipbosphine-nrtheninm-diantine oompie.es 1 may be prepared from 
Unirrm-benzene-CU. in DMF, followed by reaction with the diamine in any surtabie 
solvent e.g. DMF or dichlorornethane. An alternative prooednr. for the syruhesrs of 
compiexes of formnla 1 (for examplewhere MQ involves initial syntiresis of tire catromo 
imermediate [diphosphine-nnhenium-b.zene-aiC. which subsequeml, is reacted 
,„ the diamine in DMF (Scheme 1). Such complexes are solids suitable for storage under an 
inert atmosphere, by that can be handled in air. 

Complexes of general formula 1, where X-CF.COO, may be prepared acoordmg 

ft, fOOCOWA (see J. Rossen e, al in Tetrahedron ^ Utt. 19* 39, 4441, fo, 

2) An example is given where thediamine is DPEN. An examp.e of hydrogenation of 
acetophenone using this complex is given in Me 2 (final entry). 



Scheme 1 



20 




PAr 2 



1. 



PAr 2 




lAr N Ar x 




1(X = C1) 



1. [CeHe-Ru-CI^, BOH. CH 2 CI 2 , 50°C, 30 min 

2. Diamine, DMF, 90°C, 20 min 
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Scheme 2 




PAr 2 



PAr 2 





3 



1(X=CF 3 C0 2 ) 



1. [COD-Ru-OOCCF 3 ] 2 , THF 50°C, 16.5 hours 

2. Diamine, CH 2 CI 2 , room temperature, 1 hour 



A catalyst of the invention is particularly suitable for the stereoselective 
hydrogenation of a ketone. For example, the ketone has the formula R 6 -CO-R 7 , wherein 
5 R 6 is an aromatic group and R 7 is an alkyl group or the formula R 8 -CO-R 7 , wherein R 8 is 
alkenyl and R 7 is an alkyl group. Such hydrogenation requires a base additive. Typically, 
the base is an alkali metal alkoxide or hydroxide and is preferably potassium ferf-butoxide. 
At least one molar equivalent of the base relative to the catalyst is used, and typically 10 
or 20 to 200 molar equivalents are used. Such hydrogenation reactions may be carried out 
10 by procedures that are known to those skilled in the art. 

The following Examples illustrate the invention. More specifically: 

• Examples 1 to 3 illustrate some specific preparations of the ruthenium pre- 
catalysts derived from 3,5-di-Me-PHANEPHOS. 

• Examples 4 and 5 illustrate two general procedures for the synthesis of 
15 ruthenium pre-catalysts derived from PHANEPHOS and its derivatives. 

Various procedures are possible, producing equally effective pre-catalysts. 

• In Example 6 (Table 2), the hydrogenation of acetophenone is used to 
show that a strong matching/mismatching effect is displayed by a number 
of different PHANEPHOS derivatives and diamine ligands, the (i?)-ligand- 

20 (^-diamine diastereoisomer (or the opposite enantiomeric pair) being the 

most effective combination. In addition, it is apparent that the best results 
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was used as hydrogenation catalyst without any further purification. 31 P-NMR 
(CDC1 3 ,162 MHz): 5 = 41 ppm (s). 

ExamjdeJ: l( i?)-3,5.diMe-PHANEPHOS-Ru.Cl r (5^)-DPENl (Procedure A) 

[COD-Ru-Cl 2 ] 2 (25 mg, 0.05 mmol) and (K)-3,5-di-Me-PHANEPHOS (69 mg, 0.1 
5 mmol). were placed in a Schlenk tube that was evacuated and filled with nitrogen three 
times. Degassed dichloromethane (4 mL) and EtOH (absolute, 4 mL) were then added and 
the reaction was heated at 50°C for 30 minutes to give a deep red/brown solution. The 
solvent was removed under vacuum, (S,S)-DPEN (21.5 mg, 0.1 mmol) and anhydrous 
DMF (4 mL) were added. The reaction was heated at 90°C for 20 minutes. The residue 
10 was taken up in Et 2 0 and filtered to remove the insoluble material. The resulting clear 
yellow solution was concentrated until a yellow solid precipitated. The product was 
collected by filtration. 31 P NMR (CDC1 3 , 162 MHz): 5 = 46 ppm (singlet). 
^arnmii [(/?)-3,5-diMe-PHANEPHOS-Ru-Cl 2 -(5,5)-DPEN] 2 (Procedure B) 
[(C^RuClJ, (0.436 mmol, 218 mg), (/?)-3,5-di-Me-PHANEPHOS 
1 5 (0.871 mmol, 0.60 g), toluene (8 mL) and anhydrous DMF (6 mL) were heated at 100°C 
for 4 h. To the clear red reaction mixture was added (S,5)-DPEN (0.871 mmol, 185 mg) 
and the reaction was heated at 100°C for 1.5 h. The supernatant was separated from the 
insoluble yellow residue and the solvent was evaporated under reduced pressure. Diethyl 
ether (10 mL) and methanol (1 0 mL) were added, a pale yellow precipitate was formed, 
20 filtered offand washed with methanol (12 ni 

45%).. 31 P NMR (CDC1 3) 162 MHz): d= 46 ppm (singlet). The performance in 
hydrogenation of this isolated precatalyst (B) was indistinguishable from that of the crude 
precatalyst (A). 

^amplej: general synthesis of [PHANEPHOS-Ru-Cl 2 -Diamme] complexes 

25 (Procedure A) 

PHANEPHOS ligand (or derivative) (0.1 mmol) and [(C 6 H 6 )RuCy 2 (0.05 
mmol) were dissolved in anhydrous and degassed DMF (2 mL) under nitrogen. The 
reaction was heated to 100 °C for 3-4 hours, then the diamine (0. 105 mmol) was added 
and the reaction was allowed to reach room temperature while stirring overnight (14-16 

30 hours). The solvent was removed under high vacuum and the crude residue was used 
for hydrogenations without any further purification. 
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Example 5: general synthesis of [PHANEPHOS-Ru-Cl 2 -Diamine] complexes 

(Procedure B) 

PHANEPHOS ligand (or derivative) (0.1 mmol) and [(C 6 H 6 )RuCy 2 (0.05 

mmol) were dissolved in anhydrous toluene (3-5 mL and DMF (0.5-0.8 mL) under 
5 Ditrogen. The reaction was heated to 100 °C for 3-4 hours and then the diamine (0. 105 

mmol) was added. The reaction was allowed to reach room temperature while stirring 

overnight (14-16 hours). The reaction was filtered over Celite to remove turbidity, then 

the solvent was evaporated under high vacuum and the crude residue was used for 

hydrogenations without any further purification. 
10 31 P NMR (162 MHz, CDC1 3 ) of [PHANEPHOS-Ru-Cl 2 -Diamine] complexes: 

[(^-PHANEPHOS-Ru-Clj-^.^-DPEN]: 5= 45.6 ppm (s); 

[(5)-PHANEPHOS-Ru-Cl 2 -(/?,i?)-DPEN]: 8= 45.2 ppm (s); 

[(i?)-PHANEPHOS-Ru-Cl 2 -(S,5)-DACH] : 8= 45 .3 ppm (s) ; 

[(i?)-4-MeO-PHANEPHOS-Ru-Cl 2 -(S,S)-DPEN]: 8= 42.8 ppm (s); 
1 5 [(i?)-4-MeO-PHANEPHOS-Ru-Cl 2 -(S,S)-DACH] : 8 = 42 . 8 ppm (s) ; 

[(5).4_F-PHANEPHOS-Ru-Cl 2 -(i?,i?)-DPEN]: 8= 44.0 ppm (s); 

[(i?)-3,5-di-Me-PHANEPHOS-Ru-Cl 2 -(S,S)-DPEN]: 8= 46.1 ppm (s); 

[(/?)-3,5-di-Me-PHANEPHOS-Ru-Gl 2 -(5)-DAIPEN]: 8= 45.5 ppm (d), 48.9ppm (d); 

[(i?)-4-MeO-3,5-di-Me-PHANEPHOS-Ru-Cl 2 -(5, 1 S)-DPEN]: 8= 45.3 ppm (s); 

20 General procedure for hvdrogenation 

All hydrogenations were carried out in a 50 mL Parr hydrogenation vessel 

equipped with an injection port with a rubber septum for the addition of the solvent 

using a syringe, a pressure gauge, a tightly fitting removable internal glass liner, a 

magnetic stirring bar. Commercially available anhydrous i-PrOH was degassed prior 
25 to the use by bubbling nitrogen for at least 30 minutes. A commercially available 

solution of r-BuOK in r-BuOH 1.0 M was used. 

Example 6 : Hydrogenation of acetophenone at S/C 3000/1 

The catalyst (0.002 mmol) was placed in the vessel, which was flushed with 

nitrogen and then purged at least three times with hydrogen by pressurising to 5.5 bar 
30 and releasing the pressure. Then a solution of the substrate (6 mmol, S/C 3000/1) in 

i-PrOH (3 mL) was added and the reaction was purged again with hydrogen. A solution 
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are obtained when the PHANEPHOS derivatives are matched with the 
diamines DPEN and DACH. 

Example 6 (Table 1) compares the results obtained withthe catalysts based 
on the parent ligands PHANEPHOS and BINAP. Rate and selectivity 
5 obtainable with the PHANEPHOS catalysts clearly indicate that the 

effectiveness of the catalyst depends mainly on the structure and chirality 
of the backbone rather than on the substituents at the phosphorus atom. 
Examples 7 to 9 show that the hydrogenation of acetophenone with [3,5- 
di-Me-PHANEPHOS-Ru-Cl 2 -DPEN]canbeeasilyand conveniently scaled 
up, to hydrogenate up to 100 g of substrate at very economical catalyst 
loadings. 

Examples 1 0 and 1 1 demonstrate the scope of the hydrogenation catalysed 
by [3,5-di-Me-PHANEPHOS-Ru-Cl 2 -DPEN]: a number of aromatic, 
hetero-aromatic and a, ^-unsaturated ketones are smoothly hydrogenated 

,5 under mild conditions. 

Examples 12 and 13 show the advantages obtainable withPHANEPHOS- 
ruthenium catalysts in the hydrogenation of a specific, sterically hindered 
substrate, i.e. 2-MeO-acetophenone. Rates, selectivity and catalyst 
loadings compare very favourably with the results reported in the literature 
20 for the best BESlAP-ruthenium catalysts. 

In Examples 6-13, hydrogenation reactions in which the catalyst contains 
a (i?)-PHANEPHOS ligand give as major product the (R) alcohol. 
Likewise, the (S) ligand gives primarily the (5) alcohol. 
Example^: [(i?)-3,5-di-Me-PHANEPHOS-Ru-(OOCCF 3 )r(5^)-DPEN] 
25 [COD-Ru-COOCCF^ (26 mg, 0.030 mmol) and (i?)-3,5-diMe-PHANEPHOS 

(41 mg, 0.060 mmol) were placed in a Schlenk tube that was evacuated and filled with 
nitrogen three times. Anhydrous THF (5 mL) was then added and the resulting yellow 
• solution was heated to 45°C for 16.5 hours. (^-DPEN (13 mg, 0.06 mmol) was then 
added and the reaction was stirred at room temperature for 3 0 minutes. The dark orange 
30 solution turned bright yellow. The solvent was removed under vacuum, anhydrous Et 2 0 
(5 mL) was added and again removed under vacuum to give a yellow solid residue which 
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of /-BuOK in /-BuOH (1.0 M, 0.1 mL) was added, the reaction was purged again, then 
pressurised to 8 bar of hydrogen and stirred at room temperature until no more 
hydrogen was consumed. When the pressure was released, a sample of the crude 
reaction was analysed by chiral GC (DEX-CB column) for conversion and enantiomeric 
purity. The results are reported in Table 1 (pre-catalysts based on parent PHANEPHOS 
and bis-aryl phosphines) and in Table 2 (pre-catalysts based on PHANEPHOS 
derivatives). 



10 



Table 1 



15 




catalyst, s/c 3000/1, i-PrOH 
f-BuOK, b/c 50/1, RT, 120 psi H 2 




20 



25 



Catalyst 


Time 


Conv 


Ee 

* 






(%) 


(%) 










(5)~PHANEPHOS-Ru-Cl,-(5,5)-DPEN 


75 min 


100 


43 


(i?)-PHANEPHOS-Ru-Cl 2 -(^5}-DPEN 


15 min 


100 


98 


(i?)-PHANEPHOS-Ru-Cl r (^53-DACH 


30 min 


100 


97.5 


(^)-BINAP-Ru.Cl 2 -(W-DPEN 


9 hours 


100 


84 


(fl-BmAP-RuXl 2 <£fl-DACH 


3 hours 


85 


82 


(i?)-BINAP-Ru-Cl r (i?)-DAlPEN 


60 min 


100 


86 


(5)-Tol-BINAP-Ru-Cl 2 «(5,iy)-DPEN 


3 hours 


86 


82 


(^-MeO-BIPHEP-Ru-Clr^^-DPEN 


12 hours 


100 


84 
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Table 2 



catalyst, s/c 3000/1, /-PrOH 



-BuOK, b/c 50/1, RT, 120 psi H 2 




10 



15 



20 



25 



30 




Catalyst 



f^^-MeO-PHANEPHOS-Ru-CU-C^-PPEN 



(^)-4-MeQ-PHANEPHOS-Ru-Cl r (^)-PACH 
r^.4-F-PHANEPHOS-Ru-Cl 2 -(i?^)-DPE N 



ffl-3,5-di-Me-PHA>JEPHOS-Ru-C] 7 ,-(^^)-DPEN 
f^VS.S-di-Me-PHAJSlEPHQS-Ru-Clr^^-DPEN 




Time 



10 min 



10 min 
60 min 



60 min 
30 min 



Conv 
(%) 



00 
00 



Ee 
(%) 



99 



Example 7 : Hydrogenation of acetophenone at S/C 10000/1 

' The same procedure as in Example 6 was used. Reactants etc: [(i?)-3,5-di-Me- 
PHANEPHOS-Ru-Cl 2 -(^6)-PPEN] (2.1 mg, 0.002 mmol), acetophenone (2.40 g, 20 
mmol), /-PrOH (10 mL), /-BuOK in /-PrOH (1 M, 0. 5 mL, 0.5 mmol), room temperature, 
1 hour, 5.5 bar initial hydrogen pressure, the reaction was periodically recharged with 
hydrogen to maintain the pressure between 3.5 and 5.5 bar. (i?)-l-phenylethanol: > 99 % 
conversion, 99 % ee. 

Example 8 : Hydrogenation of acetophenone at S/C 20000/1 

The same procedure as in Example 6 was used. Reactants etc: [(fl)-3,5-di-Me- 
PHANEPHOS-Ru-Cl 2 -(^,5)-DPEN] (2.1 mg, 0.002 mmol), acetophenone (4.80 g, 40 
mmol), /-PrOH (8 mL), /-BuOK in /-PrOH (1 M, 1 mL, 1 mmol), room temperature, 1.5 
hours, 5.5 bar initial hydrogen pressure, the reaction was periodically recharged with 
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hydrogen to maintain the pressure between3.5 and 5.5 bar. (tf)-l-phenylethanol: > 99 % 
conversion, 99 % ee. 

Example 9 ; Hydrogenation of acetophenone at S/C 40000/1 

A solution of acetophenone (96.1 g, 0.8 mol, stirred over K 2 C0 3> filtered and 
5 freshly distilled) in anhydrous z-PrOH ( 1 50 mL) was charged into a 600 mL hydrogenation 
• vessel equipped with mechanical stirrer. The vessel was evacuated and refilled with 
nitrogen three times, then purged with hydrogen by pressurising to 8 bar (under stirring) 
and releasing the pressure. The procedure was repeated five times. The vessel was 
thermostated at25°C. [(i?).3,5-di.Me-PHANEPHOS-Ru-Cl 2 -(^-DPEN] (21 mg, 0.02 
10 mmol) was placed in a 50 mL Schlenk flask under nitrogen and a solution of r-BuOK in 
i-PrOH (1 M, 20 mL, 20 mmol) was added. The reaction was stirred to allow complete 
dissolution of the solid and the resulting clear yellow solution was transferred into the 
hydrogenation vessel with a syringe through the injection port. The vessel was purged 
three times with hydrogen and pressurised to 8 bar. The reaction was stirred at 25°C and 
15 periodically recharged with hydrogen in order to maintain the pressure between 7 and 8 
bar. After 4 hours the pressure was released and analysis of the crude by chiral GC 
indicated that (*)-l-phenylethanol was formed with > 99% conversion and 98.5% ee. The 
solvent was evaporated and the product was obtained as a colourless oil by short path 
distillation (93.6 g, yield 97%, 98.5 % ee, [a] D 20 = 43.36°(neat)). 
20 Example 10 : Hydrogenation of other (hetero)aromatic ketones 

Reactions were performed according to the same procedure as in Example 6, with 
1 .0-2.0 M solutions of ketone in i-PrOH with added f-BuOK (base/Ru=50/l) at 1 8-25°C 
and 5.5-8 bar intial hydrogen pressure. All reactions were performed with pre-catalysts 
[(J?)-3,5-di-Me-PHANEPHOS-Ru-Cl 2 -(5,5)-DPEN] at S/C=3000/l, unless otherwise 
25 noted. Reactions were allowed to proceed to completion over 0.5-2.5 hours unless 
' otherwise noted. Enantiomeric excess was determined by chiral GC or chiral HPLC. 
Results are shown in Table 3. In all cases, the (S) enantiomer is the major product. The 
substrates are as follows: 



WO 01/74829 



PCT/GB01/01313 



14 




a: X = p-CF 3 e: X =0-CF 3 
b:X = p-Br f:X=o-CH 3 
c:X = p-OMe g: X =o-Br 
d:X=m-CF 3 h:X=o-OMe 




8 , 
a: R = Et 
b: R = n-Bu 
c: R = CH 2 Ph 
d: R = /-Pr 



Ar 



O 



a: Ar = V-naphthyl f: Ar = 3-thienyl 
b: Ar = 2-naphthyl g: Ar = 2-pyridyl 
c: Ar = ferrocenyl h: Ar = 3-pyridyl 
d: Ar = 2-furyl i: Ar = 4-pyridyl 
e: Ar = 2-thienyl j: Ar = 2-benzofuryl 



Table 3 



10 



15 



20 



25 



Catalyst 



Ketone 



ffl-3,5-di-Me-PHANEPHOS-Ru-Cl,-(i?,.R)-DPEN 0.292 
(^-S^-di-Me-PHAI^EPHOS-Ru-C^-^-DPEN 1 7b 
(^-3.5-di-Me-PHA3<[EPHOS-Ru-Cl 2 -(i?,.R)-DPEN 1 7c 



(^-3.5-di-Me-PHANEPHOS-Ru-Cl,-(i?,i?)-DPEN 7d 



(^)-3,5-di-Me-PHANEPHOS-Ru-Cl 2 -(ig,^)-DPEN 
(^-S^-di-Me-PHANEPHOS-Ru-CU-C^-DPEN 
(^-3,5-di-Me-PHANEPHOS-Ru-Cl 2 -(J?^)-DPEN 
f^-3.5-di-Me-PHANEPHOS-Ru-Cl r (i?^)-DPEN 



_7 
7f 

7g 
7h 



^-3. 5-di-Me-PHANEPHOS-Ru-Cl 2 -(i? y R)-DPEN 0.333 

~ " ' 8b 



ffl-S.S-di-Me-PHANEPHOS-Ru-ClrCW-DPEN 
ffl-3,5-di-Me-PHANEPHOS-Ru-Cl 2 -(i?,^)-DPEN 

(5)-PHANEPHOS-Ru-Cl r (^)-DPEN 
(^-3.5-di-Me-PHANEPHOS-Ru-Cl 2 -(i?^)-DPEN 1 0.375 



S/C 



Time 



3000/1 
3000/1 
3000/1 



3000/1 
3000/1 
3000/1 
500/1 



8d 



(^)-3,5-di-Me-PHANEPHOS-Ru-Clr(^)-DPEN 
(5)-3,5-di-Me-PHAMEPHOS-Ru-Cl 2 -(^)-DP^ 
(■?)-3,5-di-Me-PHANEPHOS-Ru-Cl 2 -(^)- DPEN 



9b 
9c 
9d 



(^^.S-di-Me-PHANEPHOS-Ru-ClrCW-PPEN 
(^)-3,5-di-Me-PHAMEPHOS-Ru-Cl 2 -(i?,^)-DPEN 
ffl-3,5-di-Me-PHANEPHOS-Ru-Cl 2 -(i^)-DPEN 



9_ 
9f 

9g 



(■S)-3,5-di-Me-PHANEPHOS-Ru-Cl 2 -(^)-D^EN 
ffl-3,5-di-Me-PHANEPHOS-Ru-Cl 2 -(i?,-R)-DpW 



9h 
9i 



(^)-3,5-di-Me-PHANEPHOS-Ru-Cl 7 -(^)-DPEN | 9j 



3000/1 
3000/1 
3000/1 
3000/1 
3000/1 



3000/1 
3000/1 
3000/1 



Ee 
(%) 



3000/1 <2.5 h 99 



<2.5 h 99 
<2.5h 92 
<2.5 h 96 



3000/1 
3000/1 
1500/1 



1500/1 
1000/1 



3000/1 



18 h 
16 h 



99 
96 



<2.5 h 97 
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ExamElell: Hydrogenation of a,p-unsaturated ketones 

Following the general procedure of Example 6 the reactions were conducted with 
1.0 M solutions of ketone in i-PrOH with added f-BuOK (base/Ru=50/l) at 18-25°C and 
5.5 bar intial hydrogen pressure. Substrates 10-11 were reduced with full conversion to 
5 the corresponding allylic alcohols. No over-reduction of the alkene functionality was 
observed. Results are reported in Table 4. 




10 




10 11 



Table 4 



15 



20 



25 



30 



Catalyst 




(R)- PHANEPHOS 

f^-3 .5-di-Me-PHA^EPHOS-Ru-Cl 2 -(i?,i?)-DPEN 



Ketone 



^ / J — ^^^^^ ^^^■p*^^^^^^^*^^ 

^ -SJ-di-Me-PHANEPHOS-Ru-C^-^-Rj-DACH 

PHANEPHOS- 



10 
10 
10 

11 



s/c 



3000/1 
3000/1 
3000/1 
1000/1 



Time 



Ee 
(%) 



2h 
lh 
18 h 
2h 



96 
97 
85 
94 



Sample 12: Hydrogenation of 2-MeO-acetophenone at S/C 2000/1 

The catalyst (0.002 mmol) was placed in the vessel, which was flushed with 
nitrogen and then purged at least three, times with hydrogen by pressurising to 5.5 bar 
and releasing the pressure. Then a solution of the substrate (4 mmol, S/C 2000/1) in 
z-PrOH (3 mL) was added and the reaction was purged again with hydrogen. A solution 
of /-BuOK in f-BuOH (1.0 M, 0. 1 mL) was added, the reaction was purged again, then 
pressurised to 4 bar of hydrogen and stirred at room temperature until no more 
hydrogen was consumed. When the pressure was released, a sample of the crude 
reaction was analysed by chiial GC (DEX-CB column) for conversion and enantiomeric 
purity. The results are reported in Table 5 (me results for Xyl-BINAP are obtained 
from the literature) . 
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Table 5 
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OMe O 




catalyst, sic 2000/1, i-PrOH 
f-BuOK, b/c 50/1, RT, 4 bar H 2 



OMe OH 




10 



15 



20 



25 




i Noyori, Angew. Chemie Ed Int. 1998, 1703. 2 Noyori, JACS 1998, 13529, 
supplementary material 

Example 13 ; Hydrogenation of 2-MeO-acetophenone at S/C 5000/1 

The same procedure as in Example 6 was used. Reactants etc: [(i?)-3,5-di-Me- 
PHANEPHOS-Ru-Cl 2 -(^,5)-DPEN] (5.4 mg, 0.005mmol),2-MeO-acetophenone(3.75 
g) 25 mmol), i-PrOH (5 mL), i-BuOK in /-PrOH (1 M, 0.5 mL, 0.5 mmol), room 
temperature, 8 hours, 8 bar initial hydrogen pressure; the reaction was periodically 
recharged with hydrogen to maintain the pressure between 3 and 4 bar. (i?)-2'-MeO-l- 
phenylethanol: > 99 % conversion, 96 % ee. 
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CLAIMS 

1 . An enantiomerically enriched ligand-RuX 2 -diamine complex of formula 1 



iAr v Ar x 




1 



5 or a diastereoisomer thereof, wherein 

each Ar is an aromatic or heteroaromatic group of up to 20 atoms; 

X is halide or carboxylate; and 

R 1 , R 2 , R 3 , R 4 are independently hydrogen, aryl or alkyl, optionally linked or part 
of a ring. 

10 2. A complex according to claim 1, wherein Ar is phenyl optionally bearing one or 
more substituents. 

3. A complex according to claim 2, wherein Ar is phenyl bearing one or more 
electron-rich substituents. 

4. A complex according to claim 3, wherein the substituents are selected from alkyl 
15 and alkoxy. 

5. A complex according to claim 2, wherein Ar is phenyl 4-methoxyphenyl, 4- 
methoxy-3,5-dimethylphenyl or 3,5-dimethylphenyl. 

6. A complex according to any preceding claim, wherein the diamine component is 
chiral, and at least one of the amine-bearing centres is stereogenic. 

20 7. A complex according to claim 6, wherein the diamine is a compound of any of 

formulae 2-6 
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OMe 






OMe 




2 (R,R)-DPEN 3 (R,R) 



4 (R)-DAIPEN 5 (R,R)-ANDEN 



NH 2 



6 (l?,i?)-D^Cff 



or the opposite enantiomer thereof. 
10 8. A complex according to claim 7, wherein the diamine is 2-(i?,*)-DPEN or its 

opposite enantiomer. 

9. A complex according to claim 7, wherein the diamine is 6-(K,i?)-DACH or its 
opposite enantiomer. 

10. A complex according to claim 8 or claim 9, wherein the absolute configuration of 
1 5 the ligand is (R) and the absolute configuration of the diamine is (S,S), or the opposite 

enantiomeric pair. 

11. A complex according to any preceding claim, wherein X is a halogen atom. 

12. A complex according to claim 1 1 , wherein X is CI . 

13 A complex according to any of claims 1 to 1 0, wherein X is the carboxylate anion 
20 of a carboxylic acid of formula R 5 COOH, wherein R 5 is an aromatic or alkyl group of up 
to 20 atoms, optionally bearing fluorine atoms. 

14. A complex according to claim 13, wherein X is CF 3 COO. 

15. A method for the stereoselective hydrogenation of a ketone, which is conducted 
in the presence of base and, as catalyst, a complex according to any preceding claim. 
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16. A method for the stereoselective hydrogenation of a ketone, which is conducted 
in the presence of abase and, as catalyst, a complex formed in situ from a diamine and a 
ruthenium complex of a iigand, the ligand and the diamine being as defined in any 
preceding claim. 

5 17. A method according to claim 1 5 or claim 16, wherein the ketone has the formula 
R 6 -CO-R 7 , wheren R 6 is an aromatic group and R 7 is an alkyl group. 

18. A method according to claim 1 5 or claim 1 6, wherein the ketone has the formula 
R 8 -CO-R 7 , wherein R 8 is alkenyl and R 7 is an alkyl group. 

19. A method according to any of claims 15 to 18, wherein the base is an alkali metal 

10 alkoxide or hydroxide. 

20. A method according to claim 1 9, wherein the base is potassium ter/-butoxide. 

21 . A method according to any of claims 15 to 20, wherein the amount of base is 1 to 

* 

200 molar equivalents relative to catalyst. 

22. A method according to claim 21, wherein the amount of base is 20 to 200 molar 
1 5 equivalents relative to catalyst. 
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